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Abstract
Olfaction is a sense that is indispensable for life in animals. And since olfaction is crucial in 
our daily lives, it is necessary to understand its characteristics, such as how odors are 
evaluated correctly. We need to know, further, the sensing mechanism by which odors are 
perceived. Recently, the most basic principle of  "signal transduction on the reception and 
transmission to the odor" has been clarified. 
The next important problem is therefore knowing how the information of odors in the 
 "cent
ral nervous system (CNS) on the olfaction" is processed in the brain and how odor is 
felt in the human brain. 
In this report, first the mechanism of olfactory information processing in our brain will be 
described in light of the results obtained with non-invasive measuring methods, such as 
magnetoencephalography (MEG) and functional magnetic resonance imaging (f-MRI). And 
drawing upon recent studies, we will see that olfactory neurophysiological information 
passes through certain deep central regions in the brain, after which it might be processed 
finally with integration at the orbito-frontal areas.
Key  words  : magnetoencephalography (MEG),functional magnetic resonance imaging (f-
MRI), human olfaction, orbito-frontal area
 Introduction
 Until quite recently, though olfaction indispen-
sable for survival of an animal, its mechanism was 
not understood as well as other sensory systems 
such as vision and audition. 
 However, the mechanisms of the most basic 
signal transduction on the odor reception of the 
olfactory cell and signal transmission have 
recently been clarified. 
 At the second stage of olfactory processing, the 
signals from the olfactory cells are transmitted to 
the olfactory bulb (OB). To understand this 
process, it is necessary to clarify the mechanisms 
of processing olfactory information and the 
relationship between the odor and the OB. An 
"
odor map" in the OB was first proposed after 
several pioneering studies, according to which, 
after the processing stage in the OB, olfactory 
information is transmitted to the central nervous 
system (CNS). 
 In this report, the mechanism of olfactory 
information processing in the human brain will be
described according to results obtained using new 
non-invasive measurement methods such as 
magnetoencephalography (MEG) and functional 
magnetic resonance imaging (f-MRI). The neuro-
physiological properties of olfactory-related neu-
rons in the human brain will also be described. 
Olfactory information is finally processed in the 
orbito-frontal areas of the cortex.
2. Reception and transduction mechanisms of
 odor,  and  neural networks of OB
 It has been shown that olfactory receptor cells 
have reception proteins for odors. Their gene 
families were cloned in 2004 by Buck and Axel 
(1991), so that reception and transduction mecha-
nisms of odor perception have now been clarified. 
The gene family groups clarified the existence of 
about 1000 kinds in all animals and of about 300 
kinds in humans, found by making good use of the 
PCR  (polymerise chain reaction) method. 
 The basic principle of the odor reception 
mechanism in the olfactory cell membrane was
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clarified by this genetic research, and this 
breakthrough will enable us to produce an 
artificial odorant sensor in the near future if the 
transduction mechanisms of odor reception and 
the signaling algorithms can be imitated. 
 Recently, a certain odor receptor protein in the 
odorant gene families has been identified. The 
principle of the neural networks-that the olfac-
tory nerves expand from the same olfactory cells 
and are projected selectively to only one glomeru-
lus in the OB-was also clarified. 
 First, each olfactory cell receptor represents 
only one odorant for some kinds of odors. Second, 
the olfactory nerve projects to only one glomeru-
lus  (Mori et al. 1992) corresponding to the odor 
information in the OB. Thus, the nerves from the 
olfactory cell, which have similar responses to the 
same kinds of odors, project to the same 
glomerulus. An "odor response map" (response 
distribution of the odor) corresponds to the kind of 
odor that exists in the OB. 
 Odor information in the olfactory cell mem-
brane in the olfactory mucosa becomes an 
olfactory signal. This signal causes a change in 
potential of the receptor organ corresponding to 
the reception of the odor molecule and is 
transmitted to the corresponding glomerulus in 
the form of 1: 1. 
 An "odor response map" (odor map) can be 
developed using spatial ocation information in the 
OB corresponding to the quality of olfaction of 
each odor report (Kobayakawa et al. 2007). 
 Third, additional studies have continued to 
provide evidence for the existence of a spatial "
odor response map" in the OB (Kobayakawa et 
al. 2007). This structure was built in as an odor of 
an inherent natural enemy, and nerve projection 
to generate an evasion reaction is found to exist in 
the backside zone of the olfactory bulb on mice. 
Kobayakawa et al. reported that the odor of a fox 
(2, 4, 5-trimethylthiazoline; TMT) caused mice to 
take evasive action, and they showed that 
olfactory activity in the mice was localized in the 
back side of the OB. 
 Therefore, the neural mechanism by which the 
projection of the nerve conveys the quality of the 
odor (characteristic), and also the nerve projection 
zone into which the gene is inherently built, were 
clarified using an "odor response map" in order to 
visualize the OB.
3. Recent new  technologies  using non-invasive
brain measurements
On the other hand, one merit of wave measure-
Vol. 10, 2011
ment for neuro-magnetic fields in the human brain 
is that it is not influenced by electrolytic distortion 
using magnetoencephalography (MEG). MEG 
uses two or more super-conducting interference 
(SQUID) elements. The accuracy of estimating 
the location of the signal source in the brain, 
however, is more limited, because it is possible to 
measure it from the epidermal surface of the head 
only up to a depth of about 5 cm in the brain. This 
is a limitation of all head-type neuromagnetome-
ters. That is, activity deep within the brain 
cannot be measured by measuring the current 
state of the brain. 
 However, EEG and MEG are useful in that they 
can measure limited nerve activity in the brain in 
real time. 
 In contrast, there are various methods for 
measurement of brain activity. For example, 
there are methods to measure brain cell biochem-
istry. Metabolic state measures of brain activity 
can reveal areas of local activation. A mildly 
invasive imaging method is positron radiation, 
where an isotope-tracer is introduced into the 
body before scanning. 
 In positron emission tomography (PET) meas-
urement, a short radioisotope (isotope) which has 
a short half-life of gamma decay is injected into 
the brain with an intraveneous injection, and 
when a positron emitted from the radioaiotope 
meets with an electron in the human brain, it 
generates gamma rays in two opposite directions. 
Those two gamma rays, which are emitted from 
inside the brain, are coincidentally counted using 
two gamma-ray sensors (which is called the 
 "coincident method"). Thus, the tomographic 
image of PET is made of the biochemical amount 
of metabolizing of the brain region. 
  Lastly, methods such as magnetic resonance 
imaging can measure the structure and the 
activity of brain. Electromagnetic radiation is 
added to the brain, which is placed in a strong 
magnetic field, and the brain image is easily made 
by the magnetic resonance phenomenon of the 
nuclear spin of hydrogen's atomic nucleus. 
Finally the dislocation image of the brain's 
structure is made as a magnetic resonance 
imaging (MRI). 
  In particular, it is possible to observe hemo-
globin state of the oxygen's consumption by 
making an image showing the statistic value of 
the magnetic susceptibility difference between 
oxi-hemoglobin and deoxi-hemoglobin, and by 
measuring the amount of blood flow of the region 
in the activated brain in functional MRI (f-MRI) 
method. The advantage of a measurement using
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EEG and MEG is good resolution time, but PET 
and MRI measurements do not have this advant-
age. 
 An advanced near infrared spectroscopy (NIRS) 
method is a measurement in which near-infrared 
rays irradiate from the outside the head into the 
brain, penetrating into the brainpan and me-
ninges. However, the NIRS method has no high 
sensitivity because it uses diffused skylight 
reflected onto the surface layer in the brain. 
 On the other hand, the NIRS method has the 
noteworthy merit of allowing a large degree of 
freedom for the head movement, should the body 
of subject move during the measuring.
4. Two olfactory  nervous  pathways  and  fron-
tal  lobe as olfactory  centers in the brain
 Important neurophysiological research has 
been conducted on olfaction in rhesus monkeys, 
and the olfactory nervous pathways from OB to 
the olfactory center in the brain were found by 
Takagi et al. (1999). 
 Two olfactory nervous pathways were greatly 
clarified as a result of this research, and the 
existence of an olfactory nervous pathway to OB 
in rhesus monkeys was clarified. 
 One pathway projected to the back of the 
central-posterior part of the orbito-frontal area 
(CPOF) via a medio-dorsal of the thalamus. In 
another of these two olfactory nervous pathways, 
which was identified by Tanabe et al. (1975) one 
pathway projected to back of the lateral-posterior 
outside of the orbito-frontal area (LPOF) via the 
outer portion of the hypothalamus, and another
nerve pathway was found by Yarita et al. (1980). 
 Figure 1  shows these two olfactory nervous 
pathways. In addition to the anesthetized rhesus 
monkey odor electrophysiology experiment men-
tioned above, it was proven that perception and 
identification of the odor was done in the central 
part of LPOF of the frontal lobe. 
 On the other hand, the selection characteristic 
of the kind of odor showed the response to occur 
in the central part of CPOF of the frontal lobe 
according to Yarita et al. (1980). Thus, this is not 
an analytical activity like the identification of odor. 
The possibility of the processing of odorant 
information on integrated function was suggested 
in the central part of CPOF. 
 The olfactory nervous pathway in humans 
is similar to the olfactory nervous pathway 
in monkeys, and the existence of a sense of 
odorant center in humans is clear from research 
on human olfaction using MEG and f-MRI. Much 
research on human olfaction using the f-MRI 
method have been also conducted by Rolls (1996).
5.
5. 1
Processing of higher-order human  olfaction
 information in the brain
 Mechlnism of  perception and  ercognition
of odor
 Usual perception and identification of an odor, 
on the one hand, and the recognition of the odor, 
on the other, are both the result of the processing 
of information in the brain. In general, we do not 
distinguish recognition, perception, and  identifica-
tion of odors. 
 However, when inspection of odor identification
(by S. F. Takagi,
Fig. 1
1999)
Two olfactory pathways and two olfactory centers in monkey brain
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is executed precisely, for example, when using a 
 T & T  Olfactometer," which was invented in 
Japan, it becomes clear that two thresholds exist: 
a detection threshold and a cognitive threshold. 
And it is clear that odor threshold is another 
function in the brain, and in the threshold 
measurement of an odor, it reports a perception 
function and a recognition function more plainly 
for patients with the cognitive threshold problem. 
Many examples of the unbridgeable gulf syn-
drome are reported to be a detection threshold 
and a cognitive threshold problem. 
 The perception function part of olfaction is 
likely accomplished by a part of the brain devoted 
to perception, whereas the recognition function in 
olfaction is probably done by a different part of 
the brain specific to recognition. The distinction 
between perception and recognition was possible 
only as a result of experiments defining areas of 
the olfactory pathway active at different times 
using MEG. 
 Figur 2 shows the results of an experiment 
identifying brain response measurements by 
MEG when odorant gas was administered into the 
right and left nostrils and the localization of 
activation in the brain was monitored (Tonoike et 
al. 1996). 
 Figure 2 shows in the upper-left part the 
responding MEG evoked waves measured by  122- 
ch SQUID sensors (coronal view: the upper side is 
the frontal side on the head). We can see the MEG 
wave responses changing within about 350 ms 
latency (time) on both the right and left frontal 
areas. The upper-right figure in  Figure 2 shows 
the contour map pattern of the magnetic fields on 
the sensor helmet over the head obtained by the 
calculation of 122-SQUID responding data. Two 
arrows (in the right and left frontal side areas) 
show the equivalent current dipoles (ECDs) 
estimated by using the two-dipole source estima-
tion method. Using these MEG experimental data 
and the calculation of magnetic fields we obtained 
the lower figure in Figure 2 which shows two 
olfactory centers (circle: ipsi-lateral side, triangle: 
contra-lateral side) at the orbito-frontal areas 
estimated in the real human brain. 
 In the experiment, the brain magnetic field 
response to odorant stimulation was measured 
after stimuli were delivered to the right and left 
nostrils. The signal sources of the obtained 
olfactory center parts were localized to the right 
and left symmetrical brain areas by the two dipole 
method in six subjects. Evidence for the exis-
tence of the olfactory nervous center was  ob-
tained from the results, illustrating a clear area of
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activation in the right and left orbito-frontal parts. 
 Moreover, the brain side activated afterolfac-
tory stimulation was on the same side as the 
nostril where the odor was delivered, showing an 
ipsilateral connection structure (Tonoike, 2011). 
Two regions with a slightly different orbito-
frontal field of a right and left hemispheres were 
activated. It is possible that the same side of the 
brain as the stimulating side of the nose is 
dominant in the subject's perception of the odor. 
 On the other hand, we conducted an MEG 
experiment using an  "odd ball task" experimental 
design that uses two different odors, and meas-
ured the brain response to cognitive function of 
the odor (Tonoike et al. 2001). Odor stimuli were 
frequently delivered to the nose at random at a 
presentation probability such as 1: 3, and in this 
experiment, the target odor is concentrated one's 
attention on the odor uncommonly presented, and 
the subject is required to count the number of 
odor that stimulated the nose less frequently as 
shown in  Figure 3. 
 As a result, a wavy peak of magnetic field re-
sponse reaction (the peak of P300 m) is presented 
as shown in Figure 3. It is slowly measured with 
about 500 ms latency (time), and this responding 
element clarifies that it is the so-called  "cognitive 
response" (Tonoike et al. 2003). 
 It is supposed that the part of the brain that 
controls cognitive function of the odor was made 
visible for the first time, as distinct from parts 
involved in perception; this represents the begin-
nings of clarification of the processing of informa-
tion on the perception and recognition of the odor 
in humans.
 5.  2 An  f-MRI research  on memory
 tional  response  towards  odors
and the
emo-
 Although the processing of odor information in 
the human brain is not yet fully understood, the 
rhesus monkey research by Takagi et al. (1999) 
has already been described in detail. It may be 
that additional studies in brain science will be 
needed to clarify the relation among memory, 
emotion, and odor. 
 Brain function processing is often done in a 
location in the brain that is deep and central, 
making measurements difficult even with the 
state-of-the-art technology. Research on brain 
development may help improve our understand-
ing of brain evolution (Maclean, 1952) as shown in
Figure 4.
 The central part of the human brain in Figure 4 
is an area called the old subcortical brain, and this 
area is thought to correspond to the brains of
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Coronal  view: upper side is the frontal on the brain
Right nose
Odorant stimulation
Left nose
Odorant stimulation
(by M. Tonoike and et al., 1996)
Fig. 2 Olfactory Centers were identified by MEG experiments in humans
ancient mammals and reptiles. 
 The surface part of the human brain, called the 
new substantia corticalis, has been extensively 
researched since it is thought to be indispensable 
to human brain function. 
 Important processing in the human brain is 
often done in the new substantia corticalis in fields 
such as movement, vision and audition , and it is 
thought that research on the brain was done
comparatively easily because of these parts on the 
surface brain. 
 On the other hand, it remains uncertain 
whether the part of the brain that processes uch 
as memory and emotion (LeDoux, 1996) is located 
deep within the brain, so it is difficult to examine 
the function and processing of these parts. 
 We are also researching olfactory function in 
the brain by  f-MRI (Tonoike et al. 2008), and we
7
AINO JOURNAL,
(by M.
1
Vol. 10, 2011
rare response  (P300m)
258ms 378ms
 Trigeminal
response
Tonoike and et al., 2003)
Fig. 3
2 Olfactory
response
Olfacrory cognitive response was measured by an
Limbic-Cortical polarity
(by Paul D.
Fig. 4
MacLean, 1949)
A model of evolution and development of the animal
brain
aim to measure responses deep in the human 
brain. In this f-MRI research (Tonoike et al. 2010) 
we examined in particular the influence of odor on 
memory and emotion with the integrated function 
of the brain on the sensation of two or more odors. 
The interactions between a few senses stimulates 
them to begin simultaneously, as when a visual 
stimulus stimulates an odorant sense as well.
3
488ms
Olfactory
cognitive response
"odd ball task" using MEG method
 Examining the interrelation between the pleas-
antness or unpleasantness of an odor and pleas-
antness or unpleasantness of a visual image must 
be done by a combination experiment, which 
presents odor as part of such research, and 
comfortable and unpleasant stimulation that uses 
images (Tonoike, 2011). 
 Pleasant and unpleasant stimulations of odor 
and image are given at random, in varying com-
binations of the four factors: pleasant, unpleasant, 
odor, image. They are presented to the subject to 
stimulate olfactory receptors and the visual 
(image) receptors simultaneously using the event-
related design method by  f-MRI in this experi-
ment. 
 The influence of odor on memory and emotion 
is expected to be strengthened by a synergistic 
effect in combining odor and image stimulation; an 
analytical method that extracts the effect of 
 "
pleasantness/unpleasantness" and  "matching/ 
mismatching" is currently being examined. The 
amygdaloid body and the hippocampus exist near
8
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Activated areas in Hippocampus
and Parahippocampus Gyrus.
(smell: iso-valeric acid)
Fig. 5
Activated Areas in Amygdala
and its near regions.
Results of activated areas by olfactory f-MRI imaging experiments
deep locations within the human brain as shown in
Figure 5.
 These areas and the gyrus parahippocampalis 
were observed as the common specific regions 
activated by the stimulation of odor in our  f-MRI 
experimental results (Tonoike et al. 2010). These 
experimental results illustrate the amygdaloid 
body, the hippocampus and the olfactory inputs in 
the brain, passing older parts of the brain. 
 Though the meaning of these results mentioned 
is still unknown, they suggest the important 
possibility of odorant information processing in 
these parts.
6.
6. 1
Discussion
Understanding olfaction guided by the integra-
tive function of the five senses
 We don't live using olfaction only; we use five 
senses in daily life. Rolls (1996) proposed that all 
our five senses might be integrated at orbito-
frontal areas through a control using the gated 
function of hypothalamus in the brain as shown in
Figure 6.
 His hypothesis may not yet provide complete 
proof. But it can be supposed that five types of 
sensual information are brought together and 
terminated into orbito-frontal areas at last. From 
the results of our olfactory MEG experiments and 
the olfactory center in the monkey brain in 
Takagi's experiments, we will need to consider 
again the meaning of an integration mechanism in
the orbito-frontal areas for the five senses . 
 It follows that, more widely, we will also need to 
look again at the study of perception and cognition 
in human olfaction.
 6.  2 Recognition and expectation for a new role of
olfaction
 Information processing is done quite uncon-
sciously by deep parts in the brain under the 
substantia corticalis. We cannot consciously 
control such processing as memory and emotion 
carried out deep within the brain. 
 However, there may exist in deep parts of the 
brain unconscious information processing for 
olfaction, and, if odor could access these parts of 
the brain, control of the part of the brain under 
unconsciousness might become possible in the 
future by using information on odor. The idea 
that information on odor might control memory 
and emotion was suggested in this report, though 
this has not yet been clarified using modern brain 
science. 
 Recently, the function on the turnover of 
olfactory cells was given attention in the case of 
one patient's olfaction. It was found that an 
abnormal sense of odor and of odorant decline 
signaled an initial state of a cognitive syndrome of 
the Alzheimer's type and an initial symptom of 
Parkinson's disease (Imayoshi et al. 2008). Classes 
of brain cells with the ability for rapid turnover 
are limited to cells of the olfactory epithelium and 
olfactory bulb, and cells of the hippocampus.
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7.
(by E. T. Rolls, 1996)
 Conclusion
Fig. 6 Hypothetical model of orbito-frontal areas as the integration of all five senses
 Many studies on human olfaction provide 
important information on the use of a few non-
invasive brain measuring techniques. 
 Especially, the decline in olfactory function in 
illnesses with cognitive deficits adds evidence for 
the need of a more detailed study of the function 
of the olfactory system. 
 Human olfaction has to present been thought to 
play only a secondary role compared to other sen-
sory systems. However, the role of the nervous 
system in processing of olfactory information can 
be expected to be re-assessed in near future.
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